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Selenium (Se) is a metalloid element, of atomic weight 79, located in group VI of the periodic table. 1 Its biochemistry, toxicology and nutritional importance have been reviewed regularly and thoroughly over the last decade.I ' The element is essential for mammals, including humans, as a component of two enzymes, glutathione peroxidase and iodothyronine 5'-de-iodinase. In addition, a distinct seleniumcontaining protein, selenoprotein P, has been identified in plasma, but its function as yet remains unclear." Selenium deficiency has been investigated with respect to a considerable number of human illnesses," an issue raised recently in the UK in response to falling dietary intake." A prophylactic role for the element in cancer prevention is the subject of both intense debate and epidemiological study" and there are suggestions that this action may be pharmacological rather than essential."!" In animal studies it has been demonstrated that benign viruses can become virulent by passing through a seleniumdeficient host.!' Selenium, and its measurement in biological materials, may become clinically relevant in situations of excessive or insufficient intake. Except for isolated areas of China, where human selenosis has been endemic,'? selenium poisoning in humans is uncommon, but may be serious nonetheless. Toxicity due to the ingestion of concentrated solutions l ] and incorrectlyformulated health supplements!" has been reported. Features of acute poisoning include vomiting and diarrhoea, 'garlic-breath', mucosal damage, metabolic acidosis and muscle spasm; however, these may also arise, in part, from the low pH and any non-selenium components of ingested solutions. Classical chronic selenosis manifests as gastro-intestinal disturbance, 'garlic-breath', loss of hair and nails, infection of the nail beds and skin lesions and, in extreme cases, neurological impairment. In these circumstances selenium analysis can confirm ingestion, important if diagnosis is difficult; 15 otherwise, its value is limited as it is not necessarily a good indicator of the severity of poisoning or its prognosis, and the possibilities for active systemic removal of ingested selenium are almost non-existent. 13 Similarly, the value of biological monitoring of occupational exposure to the element is confined to monitoring and documenting the extent of exposure. 16 More relevant, as evidenced by current clinical practice, is the biochemical monitoring of selenium in patients deemed to be at risk of deficiency as a consequence of illness or therapy. The basis for this concern originates in the two classic Chinese manifestations of endemic selenium deficiency: Keshan syndrome, 17 a cardiomyopathy prevalent amongst children and women, and Kashin-Beck disease, IX an osteoarthropathy afflicting children. Both of these conditions were unique, in that large human populations exhibited specific symptomology, fresh incidence of which was dramatically reduced by intensive dietary supplementation with selenium. Following awareness of these phenomena, occidental accounts of symptomatic iatrogenic selenium deficiency appeared. These reported cardiomyopathy (three fatal), myalgias, haematological abnormalities and discoloration of hair and nails and have been reviewed by Lockitch." All the patients had been on 'selenium-free' long-term parenteral nutrition, the fatalities occurring after 2, 6 and 8 years.
Further studies indicated that, although symptomatic selenium deficiency was rare, biochemical depletion invariably occurred in the absence of supplementation. 19 21 Selenium depletion has also been investigated in cystic fibrosis,22.2] coeliac disease 24 ,2s and Crohn's disease 26 ,27. A final and major focus has been concern about the selenium status of hospitalized neonates and infants.P'"
ASSESSMENT OF SELENIUM STATUS
Investigation of selenium toxicity may be undertaken by analysis for the element in body fluids. Hair, whole blood and urine have been used in endemic selenosis, \2 plasma and urine in cases of acute poisoning!' and tissue analysis has been performed in fatal incidents.F For occupational monitoring, urine is the specimen of first choice; with serum or plasma measurement undertaken if excretion is elevated.
The investigation of selenium deficiency may be approached in two ways." As an adjunct to, or in place of, elemental analysis, assessment can be made of the integrity of a biochemical expression of selenium. To date this has involved measurement of glutathione peroxidase activity. The red cell enzyme provides a long-term record and the plasma variant reflects recent changes in selenium intake.l" However, this approach is not without difficulties.P not least those of standardization and reproducibility of analysis. Iodothyronine 5'-deiodinase is an equally important selenium-dependent enzyme but is less readily assayed." The recent development of an immunoassay for selenoprotein P in human plasma." has yet to be thoroughly investigated as a practicable aid to determining selenium status. Nevertheless, Thomson." has argued that, in the future, assessment of selenium status must be based on the investigation of individual selenoproteins rather than on total tissue concentrations of the element alone. Currently, however, this is impractical in most clinical situations and the approach of choice for investigation of selenium depletion remains measurement of the element itself. Assay of glutathione peroxidase may have a complementary role in comparative epidemiological studies and in the assessment of some individual patients. This aspect of selenium, however, is outside the scope of this review and will not be discussed further.
The most appropriate biological matrix with which to monitor deficiency varies according to the nature of the investigation.P Nails" and hair" have been used as long-term markers in epidemiological studies of cancer and Keshan syndrome, respectively; use of hair requires care, howevet.l? particularly in regions in which selenium may be an ingredient of shampoos. Most published studies have used permutations Ann Clin Biochem 1999: 36 of erythrocytes, whole blood or plasma (or serum), indicators of medium to short-term intake." In current UK clinical practice monitoring has focused on changes in short-term intake and most analytical provision is for plasma (or serum). To some extent this may he a consequence of the fact that analysis of whole blood and erythrocytes is technically more difficult. It has been suggested that urinary selenium may be a more convenient indicator than plasma selenium'? but in our experience urine is an insensitive index of deficiency and the analysis is more difficult.
Analytical requirements
Because most investigations relate to selenium depletion, often in children, assays must be capable of detection limits of at least 0·1 pmoljL using 50-200 JlL of serum or plasma. Analyses of whole blood and urine present additional challenges as a consequence of the presence of iron and phosphate, respectively, which can cause overcorrection problems in analysis by graphite furnace atomic absorption spectrometry, particularly with deuterium-arc background correction. Tissue specimens require wet digestion prior to analysis, as do serum, blood and urine for some analytical techniques; loss of volatile selenium species must be avoided during preparation.
Specimen requirements
Unlike most trace element analyses, contamination is not normally a problem, so conventional specimen containers may be used. If whole blood is to be assayed, either heparin or ethylenediamine tetra-acetic acid (EOTA) are suitable anti-coagulants. For serum or plasma, it is important to avoid haemolysis as this enriches the selenium content and increases iron concentration markedly, making specimens unsuitable for analysis. Samples should be stored refrigerated at 4°C prior to analysis; repeated freezing and thawing of samples can denature proteins which will also affect results.
Normal selenium concentrations Plasma (or serum) selenium concentrations are related to intake and respond relatively quickly to changes in diet, and vary with the geographical location.v" Reference ranges in the UK are shown in Table 1 . The mean adult selenium concentration of around 1·2 JlmoljL is 20-80% higher than values from selenium-impoverished New Zealand'S and some 60% of those measured in selenium-rich areas of Canada." Population ranges have been observed to alter in Within human plasma, selenium is associated with three proteins: selenoprotein P (52%), glutathione peroxidase (39%) and albumin (9°1<, );47 whole blood possesses the additional erythrocyte compartment with its own distinct form of glutathione peroxidase. The analytical techniques discussed in this review measure a total elemental selenium concentration which is the sum of the compartments in either plasma or whole blood or tissues. These techniques are also applicable to the measurement of selenium in fractions obtained during speciation studies. The methods used to separate and isolate such fractions are outside the scope of this review and will not be discussed.
Monitoring and interpretation of results
The monitoring of selenium, in conjunction with other trace elements, in patients receiving parenteral nutrition has recently been discussed by Taylor. 4R Low plasma selenium levels are not uncommon amongst patients on total parenteral nutrition (TPN). The selenium content of current trace element additives to TPN regimens does not seem adequate for most patients. Individuals with conditions which permanently require special diets (e.g., short bowel syndrome, Crohn's disease and phenylketonuria) should be monitored at intervals of at least 6--12 months, and more frequently during periods of crisis. Patients on renal dialysis tend to have lower than normal plasma selenium concentrations as a result of a reduced protein intake.f" Interpretation of selenium concentrations should be based on locally derived references ranges, which must include separate paediatric values (see Table I ). For adults, a suitable action limit requiring supplementation is a plasma selenium concentration less than 0·3 /lmol/L. However, it should be borne in mind that plasma selenium concentration has been shown to decrease after trauma, so being subject to the acute-phase response, as are the other essential trace elements zinc, copper and iron. The presence of an acute phase response can be ascertained by measuring C-reactive protein. Nevertheless, the interpretation of a low plasma selenium following surgery can be difficult.
As discussed before, measurement of urine selenium concentrations is not helpful in determining selenium nutritional status, but is useful in detecting toxicity. For occupational monitoring, an upper limit of 1·27 /lmol/L has been rccommended.t!
METHODS OF ANALYSIS
Fifty years ago analysis of selenium in human tissues and body fluids relied upon such classical techniques as iodometric titration, 1 which required very large specimen volumes.V The development, in the 1960s, of colorimetric and early fluorometric methods began to make the analysis of blood and serum more practicable. By the mid-1980s, molecular fluorescence spectrometry had been joined by hydride-generation atomic absorption spectrometry and graphite furnace atomic absorption spectrometry as the most commonly used methods for biological specimens.Vv" Subsequently, the major change to this situation has been the increasing application of graphite furnace atomic absorption spectrometry to 'routine' analysis, and the development of neutron activation analysis and isotope dilution mass spectrometry as 'definitive' methods. 55 Currently, most clinical analyses for selenium continue to be performed using graphite furnace atomic absorption spectrometry, hydride-generation atomic absorption spectrometry and molecular fluorescence spectrometry (MFS). Consequently, this review will concentrate on recent developments in these three techniques, with some discussion of the role of inductively coupled plasma mass spectrometry.
Molecular fluorescence spectrometry
This method is based on the reaction in which Se l V is complexed with 2,3-diamino-naphthalene (DAN). 56 The resulting fluorophore (a piazselenol) is extractable from aqueous acid solution into cyc1ohexane, wherein its fluorescence can be measured (excitation: 366 nm; emission: 525 nm). In practice the procedure is quite involved: organic materials must be wet-digested completely, without loss of volatile selenium, and the Se V 1 so produced must be reduced before complexing is possible. DAN is potentially photolabile and the efficiency of piazselenol formation is dependent on pH. In the 30 years since MFS was first applied to biological materials, 57 much effort has been expended in trying to tailor the approach to practicable analysis of human specimens. 58--{' 3 Blood, serum, urine (0·1-4'0 mL) or tissue (25-500 mg) is assayed against aqueous selenite standards which are processed identically. Specimens and standards are digested, usually with a mixture of nitric and perchloric acids, at up to 210°C, for between 45 min and 13h. Use ofperchloric acid Ann Clin Biochem 1999: 36 requires special handling facilities, but it has been argued that it must be present for maximum recovery of all selenium species." Following digestion the residue is heated with hydrochloric acid (typically 10D-150 aC for 15-30 min), to reduce Se v1 to Se IV . This is a prerequisite for piazselenol formation, as is control of the pH at which complexing occurs, a parameter which has received considerable attention in the literature on MFS of selenium. Bayfield and Rornalis,"' who discussed the issue in some depth, found the optimum pH to be 1·75. Koh and Benson.f" however, reported that results obtained when complexing was performed at pH 0-4 were no different from those obtained at the adjusted pH of 1·8 and concluded that the latter step was unnecessary. Similar results were obtained by Sheehan and Gao;63 attempts to adjust pH consistently and precisely were difficult, and when achieved yielded no analytical advantage. In the experience of one of the authors (T M T Sheehan, unpublished observation), the integrity of the digestion step is just as important. The volume ratio of digesting acid to sample must be optimized for a particular heating system, and the performance of the heating device itself (usually an electrically heated aluminium block) is critical; changing it invariably requires re-optimization of the temperature programme. The dimensions of the digestion tubes also affect heating rate. Inattention to these points can lead to uneven digestion within a batch of tubes and it is likely that, for those methods with reduced heating times, incomplete digestion is the cause of poor assay performance; loss of volatile selenium is unlikely unless 20QoC is exceeded for long periods or the tubes boil dry.
Despite the constraints discussed above, MFS has proved a robust technique over many years, capable of good analytical performance. Published methods report accurate analysis of commercial quality control material, recoveries in excess of 90%, and between-batch precision, typically, of the magnitude of: 5'\10,62 7%,(,0 for whole blood; 3%,59 4%,63 for serum; 6%63 for urine; and 10%60 for liver. More objective assessment is available from interlaboratory comparison programmes carried out by the International Union of Pure and Applied Chemistry (IUPAC). For lyophilized human serurn." and to a lesser extent for lyophilized human blood." MFS produced least interlaboratory variation and was consistently closer to the consensus mean when compared with eight other analytical techniques, including graphite furnace atomic absorption spectrometry and hydride generation atomic absorption spectrometry.
The robustness of MFS has meant that most developments in the technique have been modifications of Watkinson's original approach.V This task has been aided by instrumental improvements and the increasing availability of high purity acids, cyclohexane and DAN-HC!. Innovations have been rare. A semi-automated approach was reported as long ago as 1979 by Watkinson'" but has not been widely used. The potential for the usc of microwave digestion, in producing a benzoselenadiazole prior to isotope dilution gas chromatography-mass spectrometry, has been demonstrated by Ducros et a/;6K to date, the analogous application to M FS does not appear to have been made. One major recent development has been the introduction, by Johansson et a/. 69 . 70 of a new complexing agent, 2,3-diamino-1,4-dibromonaphthalene (Brz-DAN). The advantage claimed for this reagent is that piazselcnol formation occurs efficiently in the low pH environment of sample digests, obviating the need for pH adjustment. In addition, HBr in combination with Brz-DAN enables single-step reduction and complexing of Se VI . Impressive results (98% recovery; CV= 1%) are reported for certified human serum reference matcrial.?" Currently, Br2-DAN is not commercially available (although apparently easily synthesized from DAN) and has yet to be applied to clinical analyses.
In summary, MFS has a good record as a suitable technique for the analysis of selenium in biological materials, capable of handling a range of matrices and of recovering all forms of the element. It is also the technique requiring the least expensive instrumentation. Its disadvantages are that it requires consistently more attention to detail than graphite furnace atomic absorption spectrometry and more operator time. The digestion step (also required by hydride generation atomic absorption spectrometry) generally results in longer batch analysis times, and makes addition to a batch or the immediate checking of an aberrant result difficult. These issues may become academic, however, following a situation that has arisen during the writing of this review. The only UK suppliers of DAN, Sigma-Aldrich Ltd (Poole, Dorset, UK) and Fluka Chemicals (Gillingham, Dorset, UK) have ceased supplying the reagent Measurement (!{ selenium 305
as they cannot comply with Control of Substances Hazardous to Health (COSHH) regulations?' which stipulate that its contamination with 2-naphthylamine must be < 0·1 %. These same regulations presumably apply to use of DAN in the laboratory. Unless high-purity DAN becomes available at acceptable cost, the future of MSF of selenium using this reagent is likely to be limited.
Hydride generation atomic absorption and atomic fluorescence spectrometry
These techniques offer the advantages of high sensitivity and versatility but require all samples to be digested to convert all selenium into the inorganic form. Selenium is then reduced from Se VI to Se IV , usually by heating with hydrochloric acid, and then the Se lV is converted to hydrogen selenide by reduction with sodium borohydride. The hydride is carried by a flow of gas (usually argon) to a cell in the light beam of an atomic absorption spectrometer. The cell is heated either electrically or by a flame to break down the hydrogen selenide to selenium atoms. Temperatures around 850°C seem to be optimal. 72 All samples, blood, plasma, urine and tissues, can be handled equally well by this technique.
Digestion procedure
There is no doubt that the digestion procedure is crucial to the accuracy of the determination. The conditions required for breakdown of organoselenium compounds are quite severe. In an IUPAC survey.v poor agreement between laboratories using hydride generation was considered to be due to inadequate digestion of samples. Further work by Welz et aP3 to remedy this situation led to the proposal of an IUPACrecommended digestion procedure based on digestion with nitric, sulphuric and perchloric acids, taking the temperature up to 310°C. This procedure, evaluated in an interlaboratory trial, showed good agreement between participants." The use of perchloric acid, however, carries with it the risk of explosions and others have found ways of avoiding its use. Bunker and Delves" used a mixture of sulphuric and nitric acids, whereas Tiran et al. 76 digested with a mixture of sulphuric acid, hydrogen peroxide and vanadium (V) at a constant temperature of lOO°e. Both gave results which showed good agreement with the IUPAC recommended procedure. More recently, D'Ulivo et al77. 78 have proposed a procedure based on hydrobromic acid and bromine, which allows complete breakdown of all organoselenium compounds in less than 90 min at 122°C.
Hydride generation
Apparatus for hydride generation can be classified as batch mode, continuous generation or flow injection (Fig. 1) . The simplest is batch mode in which sodium borohydride is added to the sample in a vessel. Gas connections in the cap of the vessel allow a gas to be passed through to carry the evolved gases to the detector. In this case, the signal is a peak. Continuous vapour generation allows automation and samples can be fed from an autosampler. Sample and reductant are pumped by a peristaltic pump to a T-junction where they are mixed, often aided by a mixing coil, and then passed to a gas-liquid separator, where excess liquid flows over a trap or is pumped to waste. The hydrides and hydrogen are taken by the flow of gas to the detector, in this case producing a rising peak, reaching a plateau. In practice, a true flat plateau is never reached in a reasonable time, so that most software uses a fixed integration period to measure the signal. In flow injection, the sample is injected as a fixed volume, normally through a rotary valve, into a carrier stream of dilute hydrochloric acid and then mixed in the same way as continuous generation. The signal produced is a peak. With the automation offered by the continuous and flow injection systems, duplicate measurements can be made at around 30 samples per hour, but it should be borne in mind that, for clinical samples, the rate limiting step will be the digestion stage. Methods using these techniques are summarized in Table 2 .
Detection
Most hydride generation systems are connected to a conventional atomic absorption spectrometer containing a heated quartz cell. Atomic fluorescence detectors using a solar-blind photomultiplier require no monochromator and hence are simpler than a complete atomic absorption spectrometer. For atomization, D'Ulivo et al." used an electrically-heated vertical quartz tube. Light from an electrodeless discharge tube was focused above the tube and the fluorescent intensity was measured by a solar-blind photomultiplier. It was found to be important for adequate sensitivity that the hydrogen evolved in hydride reduction should be spontaneously ignited at the end of the tube. Sensitivity was Ann Clin Biochem 1999: 36 high giving an absolute detection limit of 27pg in aqueous solution, corresponding to a concentration of 5 ng/L (0·06 nmol/L), Systems similar to this are now available commercially.
Calibration
Simple aqueous solutions can be used for calibration, which should preferably be matched to the acid concentrations produced from the digestion."
Graphite furnace atomic absorption spectrometry
This technique offers direct analysis without prior digestion and has been widely adopted by clinical laboratories for the determination of selenium in plasma. There are two basic problems in this determination. Firstly, the sensitivity is barely adequate. High dilutions of samples arc therefore unwise and one is normally left to try to overcome interferences in a dilution of two-to-threefold. Secondly, background correction at the low wavelength of 196·0 nm causes problems. The presence of iron or phosphate can cause a problem known as 'overcorrection' (see Fig. 2 ). The background signal caused by species produced in the furnace is structured in this wavelength region and application of deuterium-arc background correction causes errors shown as a negative peak in the absence of selenium. It is possible to measure selenium in plasma adequately with such a system provided the small overcorrection present is understood and compensated for. x2 . x3 Measurement of selenium in whole blood and urine is almost impossible because of the interference from the high concentrations of iron and phosphate, respectively. Zeeman background correction utilizing the splitting of the atomic line in a magnetic field offers a better solution to this problem, although evidence has been found which indicates that this is not completely free of the effects of structured background.X4
Choice oj"chemical modifier
It is important to add a chemical modifier to stabilize the selenium to allow the temperature in the ashing stage in the heating programme to be raised as high as possible; this is to remove as much of the matrix as possible without losing the selenium. Most of the early methods used nickel as a modifier, following the work of Saeed et al,K5 but this has almost entirely been superseded by modifiers based on palladium. Palladium offers higher sensitivity, greater freedom from interferences and will mix with plasma but for urine, where the concentrations are significant, the palladium plus magnesium nitrate modifier should be used. Urine was also investigated by Leblanc" using a copper plus magnesium nitrate modifier following digestion by a mixture of nitric acid and hydrogen peroxide. Recoveries were in excess of 95% for all selenium species except trimethylselenonium ion, for which they were 78 ± 21% (mean ± SO).
They found that phosphates alone could not account for the suppression effect and suggested that other unknown species were involved. Working on plasma, Gammelgaard and Jons'? showed that 20 J.lg of palladium stabilized selenite, selenate, selenomethionine and trimethylselenonium. Sensitivity for selenite and selenate was similar with selenomethionine and trimethylselenonium, giving about 80'Yo and 55%, respectively, of that of the inorganic forms. Addition of magnesium nitrate did not improve results but increased the background absorbance. Similar conclusions about modifiers were reached by Deaker and Maher." They found that, for digests with nitric acid, effective stabilization of selenium compounds was achieved only with higher concentrations of modifier than were necessary for standards. These results, supporting the use of palladium alone, were made with Perkin-Elmer graphite furnaces. It would appear that on the somewhat different Varian graphite furnace, interferences are different and effective stabilization of all forms is only obtained when the palladium IS pre-reduced with ascorbic acid. s7 . ss
Calihration
The determination of selenium in plasma is still subject to some chemical interference from the matrix despite the use of a modifier. Interference-free conditions have been claimed but the majority of methods use matrix-matched standards, i.e., adding standards to a plasma sample low in selenium or a solution In a comparison of nickel, copper, copper plus magnesium, palladium, and palladium plus magnesium, Johannessen et al. 9o found that only palladium and palladium plus magnesium stabilized selenate, selenite and selenomethionine to the same extent, but with the trimethylselenonium ion sensitivities were 55 and 85%, respectively, of that obtained with the other species. Both modifiers are suitable for the determination of selenium in serum where the concentrations of trimethylselenonium is low, corresponding to the inorganic composition of plasma (see Table 3 ).
Solid sampling of tissues
Selenium in tissue can be readily determined after digestion of the tissue (see Table 3 ). However, various attempts have been made to carry out direct determination on the solid by graphite furnace atomic absorption spectrometry (G FAAS). Lindberg et al. 102 used the cup-intube atomizer into which small amounts of dried powdered tissue were placed. They showed that the addition of a palladium modifier injected on top of the powder more effectively stabilized the selenium than a nickel modifier. Calibration was made by adding selenium to the standard reference material NIST Bovine Liver (National Institute of Science and Technology, USA). Precision was about 10% at the I jig!g level. In their study on the determination of selenium in liver biopsy specimens, Aadland et al. I D3 found Ni to be an effective modifier. Solid samples of known composition were used for calibration.
Inductively-coupled plasma mass spectrometry
Inductively-coupled plasma mass spectrometry (lCP-MS) combines the ability of the inductively-coupled plasma to efficiently break down samples to ions of the atoms with the power of the mass spectrometer to distinguish ions of different masses. It offers great sensitivity for the determination of trace elements but, for many elements, suffers from interferences from polyatomic species of the same mass as the analyte; these must be corrected for if the determination is to be accurate. The technique is now being widely adopted by specialist clinical laboratories for trace element analysis and there is no doubt that the determination of selenium in serum by ICP-MS will become important. In addition, it offers the sensitivity required for fractionation studies. Although early attempts used chromatography, ion-exchange or hydride generation to separate selenium from interferents, it is the simpler direct methods which are likely to be adopted routinely. Delves and Sieniawska 104 devised a simple procedure based on the observation that interferences from argoncontaining species, especially the adduct Ar-CI, are considerably reduced or eliminated by the presence in the diluent of butan-I-oJ. Samples were diluted I + 15 with a diluent containing butan-I-ol, Triton X-IOO, ammonia, ammonium dihydrogen edetate and ammonium dihydrogen orthophosphate, and 76Se or 77Se measured using calibration by standard additions. A simple method for selenium in whole blood was described by Mestek et al. 105 using measurement of 77Se. Samples were diluted 1+9 with a diluent containing Triton x-lOa and nitric acid. Standards were matched to the inorganic composition of blood. Correction for interferences was not found to be necessary.
An important advantage of ICP-MS is the ability to measure the individual isotopes of selenium, making it ideal for metabolic studies with stable isotopes. To achieve adequate sensitivity in determination, Ting et al. 106 used hydride generation which gave 3D-50 times the sensitivity of conventional pumped nebulization. It also overcame the problem of interference from polyatomic species. Ratios of 82Se: 77Se and 74Se:77Se were determined in plasma, red cells, urine and NIST Bovine Liver reference material.
QUALITY CONTROL AND ASSURANCE
A number of commercial materials, of human origin, are available which may be used for assay validation and for the control of batch accuracy. Lyophilized, unaugmented blood and serum are produced by Nycomed (Oslo, Norway, UK distributor Bio-Stat Ltd, Stockport, Cheshire). Utak Laboratories (Valencia, California, UK distributor ATi-Atlas, Chichester, West Sussex) produce freeze-dried serum controls of 'normal' and 'high' concentrations. Similar urine materials are also available from this company and from Bio-Rad (Hemel Hempstead, Herts, UK). All of the above materials have assigned values. Certified Reference Materials (CRMs) for hair, serum and urine are available from Breitlander GMBH (UK distributor Glen Spectra, Stanmore, Middlesex). The Japanese National Institute for Environmental Studies (NIES, Ibaraki, Japan) has recently produced a CRM human urine certified for trimethylselenonium ion, the form of selenium excreted following excessive intake. One drawback with the other materials described above is that to achieve elevated concentrations, the base matrix is usually augmented with selenite, producing controls that are unrepresentative of clinical specimens, in particular of urine.
Two external quality assessment schemes exist which include selenium in their panel of analytes. The Guildford Trace Elements Quality Assessment Scheme (TEQAS, Centre for Clinical Science and Measurement, University of Surrey, Guildford GU2 5XH, UK) distributes three serum specimens on a monthly basis. The matrix Ann Clin Biochem 1999: 36 is bovine (calf), augmented with selenite when necessary. Concentrations reflect those encountered in UK and European populations (range of consensus median results for 1997 was 0·3& I· 36 IlmoI/L). The Interlabora tory Comparison Program (Lc Centre de Toxicologic du Quebec, Sainte-Foy, Canada G IV 4G2) distributes three serum and three urine specimens six times a year. The serum is human, pooled to achieve the desired target selenium content (range of target values for 1997 was 1·25-4·00 IlmoI/L). Concentrations reflect those of normal and occupationally exposed North American populations. The urine specimens originate from occupationally exposed workers or have been augmented with a particular inorganic or organic form of selenium.
COMPARISON OF METHODS
As has been indicated above, the techniques of MFS and hydride generation atomic absorption spectrometry (HGAAS) (or HGAFS) offer good sensitivity and versatility in coping with a wide range of different samples. However, the necessity for digestion of samples makes the more direct methods of GFAAS and ICP-MS more attractive. In a survey of laboratories using the TEQAS scheme for selenium in serum (Taylor A, unpublished data), 88% of laboratories used GFAAS and only 6% MFS and 6% HG-AAS (see Table 4 ). At that time, no laboratories were using ICP-MS but at least one laboratory now uses this technique routinely.l'" Table 5 shows a comparison of performance data for representative, published methods. Although HGAAS, MFS and ICP-MS are intrinsically more sensitive techniques than GFAAS, methods developed have used this to enable more dilution to reduce interferences and to reduce sample requirements. As discussed previously, GFAAS does not allow much dilution. The resulting method detection limits are therefore not very different. The sample volume shown is that used normally in the method. All approaches would allow some variation to reduce sample volume requirements to around 50 ilL for paediatric samples. It is clear that the sensitivity, linearity, recovery and precision of all methods arc satisfactory for the routine determination of selenium in plasma or serum.
The variety of chemical modifiers used with GFAAS is evident from Table 4 . Palladiumbased modifiers are now most common but there is considerable variation in the composition. Most laboratories use instruments with Zeemaneffect background correction. However, performance in the scheme does not seem related to the type of background correction, modifier or type of graphite tube used. Mode of calibration may be important. Good performers all used matrix-matching or standard additions for calibration in GFAAS, whereas some of the poorer performers used simple aqueous calibration. Both laboratories using M FS obtained good scores in the scheme, whereas performance by the HGAAS users was moderate. The most important factors determining performance are most likely to be the experience of the laboratory and the dedication and skill of the analytical staff.
CONCLUSIONS
Selenium is an essential trace element of sufficient clinical relevance to warrant the monitoring of its status in selected patients. Currently, the most appropriate way to achieve this is by the measurement of the total selenium concentration in plasma. This task is still of sufficient difficulty to make it the preserve of the laboratory experienced in trace elements analysis. In this context, the availability of commercial control materials and external quality assessment schemes, plus the existence of an extensive methodological literature, leave little excuse for failing to achieve at least satisfactory analytical performance. The techniques discussed in this review are all capable of achieving this goal. However, on the basis of ease of specimen preparation and through-put, graphite furnace atomic absorption spectrometry is currently the method of choice.
